Weakly magnetic, millisecond spinning neutron stars attain their very fast rotation through a 10 8 -10 9 yr long phase during which they undergo disk-accretion of matter from a low mass companion star 1, 2 . They can be detected as accretion-powered millisecond X-ray pulsars if 1 towards the end of this phase their magnetic field is still strong enough to channel the accreting matter towards the magnetic poles 3 . When mass transfer is much reduced or ceases altogether, pulsed emission generated by particle acceleration in the magnetosphere and powered by the rotation of the neutron star is observed, preferentially in the radio 4 and gammaray 5 bands. In recent years, a few transitional millisecond pulsars that swing between an accretion-powered X-ray pulsar regime and a rotation-powered radio pulsar regime have been identified 6, 7 . Transitions take place in response to large variations of the mass inflow rate, on time-scales of a few weeks or less. Here we report the detection of optical pulsations from a transitional pulsar in a binary system, the first ever from a millisecond spinning neutron star. The pulsations originate inside the magnetosphere or within a few hundreds of kilometers from it, through an incoherent radiation process, likely synchrotron emission. The optical pulsation luminosity to spin-down power is about two orders of magnitude higher in this system than in the young, isolated, highly magnetic rotation-powered pulsar from which pulsations in the optical band were previously detected 8, 9 ; we argue that this may be related to the the presence of an accretion disk.
print of channeled mass accretion onto the pulsar polar caps, even though the X-ray luminosity 15 (≃ 7×10 33 erg s −1 , 0.3-79 keV) was considerably lower than that of the outbursts of transient X-ray binaries. The emission observed at GeV energies 11 , and its flat-spectrum continuum radio emission, consistent with a jet-like outflow 16 add to the complex phenomenology of PSR J1023+0038
in the accretion disk state, possibly being manifestations of the interaction between the accretion disk, the spinning pulsar magnetosphere and its wind disk 15, 17 . Archival observations 6 Telescopio Nazionale Galileo (TNG) in La Palma, Spain, we discovered optical (320-900 nm) pulsations at the P spin = 1.69 ms spin period of PSR J1023+0038 (see Fig. 1 ). In order to detect the signal we corrected the arrival times of the optical photons for the light travel time delays introduced by 4.75 hr orbit of the pulsar by using the ephemeris derived from the X-ray pulsations 21 (see Tab. 1). The optical pulsations were detected at a confidence level larger than 17-σ. Observations with the Swift X-ray Telescope (XRT) within a few days from the SiFAP measurements confirmed that PSR J1023+0038 was in the disk state. The optical pulse profile comprises two peaks, approximately in phase opposition, with a fractional amplitude that varied over ≈ 20 minutes-long time intervals between a maximum value of (0.80 ± 0.10)% of the total average emission from the optical counterpart, and values below the detectability level. The corresponding maximum pulsed flux is L pulsed ≃ 10 31 erg s −1 .
The region responsible for the optical pulsations cannot be larger than c P spin ∼ 500 km, as light propagation delay would smear out the pulsations. A different constraint is obtained from the uncertainties in the projected semi-major axis a sin i and epoch of the ascending node T asc that are derived from the modulation of the period of the optical pulsations at the orbital period P orb of the binary system. Comparison with the X-ray pulsations ephemeris showed that the region emitting the optical pulsation must be centered within δρ r ∼ σ a ≃ 30/ sin(i) km and δρ θ ∼ 2πaσ Tasc /P orb ≃ 300/ sin(i) km, of radial and azimuthal distance from the X-ray pulsar, respectively (see Table 1 and SOM for details). These values are just somewhat larger than the r cor ∼ 24 km corotation radius (for a 1.4 M ⊙ neutron star) of PSR J1023+0038, i.e the radius where the angular velocity of the neutron star magnetosphere equals the Keplerian angular velocity, and with the r lc ∼ 80 km radius of the light cylinder, i.e. the radius at which closed magnetic field lines travel at the speed of light.
In the following we discuss the possible origin of the optical pulsations from PSR J1023+0038, the first ever found from a millisecond pulsar. Reprocessing of the X-ray pulsations at the surface of the companion star and/or in the outer disk region, as observed in some X-ray binary systems hosting a high magnetic field, accreting pulsar 9, 22, 23 with spin period > 1 s, can be ruled out as the reprocessing regions would have a much different light travel time-delay orbital signature than that of a region δr ≃ 30 − 300/ sin(i) km away from the neutron star; moreover the reprocessor size would exceed by orders of magnitude the maximum beyond which pulsations are washed out (cP spin ∼ 500 km). The above problems could be circumvented if the X-ray pulsations were reprocessed by matter in the innermost disk region close to r cor , at the boundary with the neutron star magnetosphere. However in this case reprocessing of the X-ray luminosity of PSR J1023+0038
(L X = 7 × 10 33 erg s −1 ) by an area of ∼ r 2 cor located at a distance r cor from the pulsar, would convert to a brightness temperature of T irr = (L X /4πσr 2 cor ) 1/4 ≃ 1.1 × 10 6 K, the optical output of which would be more than a thousand times smaller than the observed pulsed flux. We conclude that the optical pulsations cannot arise from reprocessing of the X-ray pulses.
If X-ray pulsations observed in the disk state were due to channeled accretion onto the magnetic polar regions of the neutron star 14, 24 , one may wonder whether the same polar hotspots could
give rise also to the the optical pulses that we observed. In order to derive a constraint on the optical luminosity of accreting polar caps, we note that the X-ray spectrum of accreting millisecond pulsars is successfully modeled with unsaturated Comptonisation of soft 0.5-1 keV photons emitted from the polar hotspots, by thermal electrons with temperature of tens of keV presumably located in the accretion columns 25 . Cyclotron emission by the same electrons in the ∼ 10 8 G magnetic field of this system takes place at E cyc ≃ 1 eV energies. We assume that the optical flux results from self-absorbed cyclotron emission in the in the optically-thick regime, with a Rayleigh-Jeans spectrum at the temperature of the Comptonising electrons extending over a range of ∼ ten cyclotron harmonics 26 . To be conservative we adopt for PSR J1023+0038 an electron temperature of 100 keV (photons up to ∼ 80 keV have been detected from it) and an accreting polar region of 10 km 2 . Using these values we estimate that accretion can drive a maximum pulsed luminosity of ≈ 3 × 10 28 erg s −1 in the visible band: this is more than two orders of magnitude lower than the observed value.
Finally we explore the rotation-powered regime of pulsars. Synchrotron radiation from secondary relativistic electrons and positrons in the magnetosphere of pulsars is generally believed to produce non-thermal pulsed emission from the optical to the X-ray band 27, 28 . Pulsed emission in the visible band has been detected from five out of a dozen rotation-powered pulsars with known optical counterparts 8, 29 . They are all isolated, high-magnetic field (> 10 12 G) pulsars with young to moderate ages of 10 3 −10 5 yr. Their efficiency in converting spin down power 21 to optical pulsed luminosity spans a broad range from η opt ∼ 6 × 10 −6 (PSR B0540-69) and 4 × 10 −6 (the Crab) to ∼ 2 × 10 −9 (see Fig. 2 ). PSR J1023+0038 has the highest efficiency, η opt ∼ 2 × 10 −5 ; in particular the two middle-aged pulsars in the sample (e.g. Geminga) with spin down power comparable to that of PSR J1023+0038 have η opt ∼ 10 −7 .
Since PSR J1023+0038 is the first optical millisecond pulsar ever detected, comparison with fast spinning rotation-powered pulsars is necessarily very limited. Previous attempts 30, 31 with 5-m class telescopes did not detect optical pulses down to a magnitude of ∼ 25 from two millisecond radio pulsars (the optical pulses of PSR J1023+0038 correspond to a mean g-band magnitude of ≃
22.5).
Non-pulsed emission possibly coming from the magnetosphere has been recently reported 32 from PSR J2124-3358, a close-by 4.4 ms binary radio pulsar with spin-down power ∼ 10 times lower than that of PSR J1023+0038; its optical luminosity of ∼ 10 27 erg s −1 gives η opt ∼ 10 −7 .
Therefore the optical efficiency of PSR J1023+0038 appears to be orders of magnitude higher than that of other millisecond spinning pulsars.
The feature that singles out PSR J1023+0038 among all other rotation-powered pulsars we compared with in this letter is the presence of the accretion disk outside its magnetosphere. The shock formed where the pulsar magnetosphere 15 and/or its wind 17 Our discovery of optical pulsations from PSR J1023+0038 demonstrates that the magnetosphere of old, weakly magnetic, fast spinning neutron stars can give rise to such signals, likely through synchrotron emission by relativistic electrons and positrons in the pulsar magnetosphere.
The observed optical efficiency of PSR J1023+0038 is the highest yet found: it exceeds by about 3 decades that of pulsars of comparable spin-down luminosity. We suggest that it may be due to the magnetised and shocked environment that results from the interaction between the rotationpowered pulsar magnetosphere and the accretion disk that is characteristic of PSR J1023+0038
and likewise other transitional millisecond pulsars. Table 1 ). The variance of the profile with respect to a constant is χ 2 = 438 for n − 1 = 31 degrees of freedom. The probability of observing a pulse profile with such a high variance if it were due to a statistical fluctuation was just in that band 13 , a red hollow circle marks the 380-600 nm luminosity of PSR J2124-3358 detected by the Hubble Space Telescope 32 , red arrows denote upper limits obtained from PSR J0337+1715 (g band) 31 and PSR 1937+214 (R band) 30 . Values of the pulsar distance and spin down power were taken from ATNF pulsar catalog 34 . 1 Astrometric position determined from radio interferometry 10 . Competing Interests The authors declare that they have no competing financial interests.
Methods

TNG observations
The detector The Silicon Fast Astronomical Photometer (SiFAP) is a 2-channel ultra fast optical photometer developed at the Department of Physics of the University of Rome "La Sapienza" 20, 35 . Table 1 ). A white filter covering the 320-900 nm band was used in all the observations (see Fig. 3 ). The airmass ranged between 1.13 and 1.74, while seeing conditions varied from 0.8 arcsec up to 3 arcsec. A reference to roughly ≃ 50% of the total photons recorded when pointing at the direction of PSR J1023+0038.
It comprises two
Temporal Analysis and Results
Two factors that introduce a difference between the actual photon arrival times and those measured by the SiFAP system quartz clock had to be corrected for.
A systematic effect was apparent from a comparison of the total time elapsed between the two GPS-PPS signals marking the beginning and the end of each exposure, which we took as a reference, ∆t GP S obs = 3300 s, and the slightly longer time measured by the SiFAP clock, ∆t
SiF AP obs = ∆t GP S obs + δt, with δt ≃ 6 × 10 −3 s. We assumed that this difference was due to a constant drift of the time recorded by the SiFAP clock with respect to the actual time, yielding a cumulative linear effect on the recorded times of arrival, t SiF AP . We corrected the arrival times by using the following relation:
We checked this procedure by applying it to the arrival times recorded during an observation Through laboratory tests (using a frequency/period counter), we determined also that the thermal drift introduces a maximum jitter on the measured system quartz clock period (P clk = 8.000009873(1)×10 −9 s) equal to ∆P smaller than the relative accuracy of our determination of the spin period of PSR J1023+0038 (see Table 1 ). The effect of thermal drift could be safely neglected.
We then reported the times of arrival of the corrected photons to the Solar System Barycentre, using the JPL DE435 ephemeris and the source radio astrometric position 16 . A search for periodicities at the known spin period of the pulsar (see Table 1 ) was then conducted via the epoch folding search technique 38, 39 .
No signal was detected at the known spin period of the pulsar (see Table 1 ), with an upper limit of A < 10 −6 (3-σ confidence level) on the amplitude, by performing an epoch folding search with n = 16 phase bins on the four time series. In order to increase the sensitivity of spin period search we removed also the arrival time delays caused by the pulsar orbital motion, by using the ephemerides derived from the X-ray pulsations 21 . In this way were able to detect a signal at the pulsar spin period at a confidence level exceeding 10-σ, in time intervals as short as 1.1 ks. The profile of an epoch folding search performed on the four observations is plotted in Fig. 4, showing that a signal at a period compatible with that expected on the basis of X-ray ephemerides is detected at a significance of 17-σ. The background subtracted pulse profile was modeled with two Fourier components of fractional amplitude A 1 and A 2 , correponding to the fundamental and first overtone of the signal (see the inset of Fig. 1 of the main body):
The mean optical flux of PSR J1023+0038 (K = 8185 ± 76 s −1 ) was cdetermined by modelling with a sine function at the orbital period of the binary system the count-rate observed during the four observations, and binned in time intervals of 50 s. The fractional amplitudes of these two components varied over the 1.1 ks intervals considered, from A In order to determine the orbital parameters of the source of the optical photons, we modeled the temporal evolution of the phase of the first harmonic component in terms of the difference between the orbital and spin parameters used to correct the photon arrival times, and the actual ones 40 . The procedure was iterated until no significant corrections to the parameters were found, to within the uncertainties 41 . The spin and orbital parameters we obtained are compatible with those expected from the extrapolation of the ephemeris measured from the X-ray pulsations to the epoch of optical observations (see Tab. 1). The uncertainties on the projected semi-major axis and on the epoch of passage of the source of optical pulses at the ascending node of its orbit allowed us to identify the source of optical photons from within δr ≃ 30-300/ sin(i) km from the pulsar.
The decrease of the signal power as soon as the values of these two parameters are varied from their best-fitting values are shown in Fig. 6 and Fig. 7 , respectively. This proves that optical pulses from the same location of the source of X-ray pulsations.
Swift XRT observations Within a few days from the TNG observations presented here the field around PSR J1023+0038 was observed twice by Swift 42 (see Table 1 ) . Before (seq. 112) and after (seq. 113) the TNG observations the source was detected by the X-ray Telescope 43 at Vega magnitudes of 16.32(7) and 16.37 (8) , respectively. Both the observed X-ray and UV fluxes are typical of the accretion disk state of PSR J1023+0038 12 , allowing us to safely conclude that the source was in such a state during the TNG observations performed less than a day before the second Swift observation considered here (id. 113). 
